A method for the whole chip temperature measurement is developed and presented here. This method includes two major contributions: ͑i͒ a specially developed measurement model illustrating the relationship between the photobleaching speed of a fluorescent dye and its temperature and ͑ii͒ an introduction of a thin polydimethylsiloxane film with rhodamine B homogeneously saturated aiming for significantly reducing fluorescent dyes' absorption to and diffusion into polymer-made channel walls. The developed method is validated by comparing the experimentally measured temperature distribution in a microfluidic chip with the numerically predicted results.
Temperature measurement is key to microfluidic chip applications involving heat transfer [1] [2] [3] [4] [5] and becomes more prominent for polymer-made chips 6 due to their low thermal conductivities. Many methods have been developed for onchip temperature measurement, [7] [8] [9] [10] [11] among which the method 7 involving the mixing of a temperature-dependent fluorescent dye ͑rhodamine B͒ with the working liquid is very promising. Improvements 10, 11 have been made to consider the nonuniformal background effects using two dyes. However, these methods have several limitations when applied to polymer-made chips. The major drawback is that fluorescent dye particles can quickly diffuse into polymer channel walls 12, 13 causing significant measurement errors. Efforts have been made to reduce this effect, 13, 14 however, either no significant reduction was found or the method was too complicated. In addition, these methods did not consider inevitable dye photobleaching. 15, 16 A method is developed utilizing the fact that most fluorescent dyes have a temperature-dependent photobleaching speed. This method has two major contributions. First, a 40 m thick polydimethylsiloxane ͑PDMS͒ film with rhodamine B dye homogeneously saturated 17 is introduced into the chip to reduce the diffusion problems and realize the whole chip temperature measurement. By monitoring the photobleaching speed of the fluorescent thin film, its temperature distribution can be obtained. It should be noted that the fluorescent particles in the thin film can diffuse back to the liquid slowly. However, it will not affect the temperature measurement much because the diffusion of dye particles from the thin film to fluid is much slower than the other direction according to experimental results. Second, a measurement model is developed to illustrate the relationship between the photobleaching speed of a fluorescent dye and its temperature. This relationship indicates that this method is independent on the concentration of the fluorescent dye and the background noise. The uneven excitation light intensity distribution is also considered.
The schematic model used to develop the abovementioned relationship is shown in Fig. 1͑a͒ , where a 3 mm diameter excitation light is projected to a 25ϫ 76 mm 2 PDMS-rhodamineB film. The visual field is a 360 ϫ 360 m 2 square centered at the film and divided into 10 000 small cells denoted by S i,j ͑1ഛi,jഛ100͒ . Uniform properties are assumed for each cell.
Background light exists because of light dispersion, reflection, and refraction. Therefore, the recorded fluorescent intensity for each cell can be written as
where G i,jគrhodamine and G i,jគbackground are the fluorescent intensity from the ͑i , j͒th cell and its background, respectively. All the fluorescent intensity images were taken at the liquid/film interface. The error induced by the film thickness is discussed in the EPAPS material. 20 The fluorescent intensity is proportional to the dye concentration and excitation light intensity I such as a͒ Author to whom Correspondence should be addressed. 
where k 1 ͑T i,j ͒ is the coefficient considering the temperature dependence. The photobleaching speed is proportional to the dye concentration and excitation light intensity for a given temperature
where is time and k 2 ͑T i,j ͒ is a coefficient considering the temperature dependence of the dye photobleaching speed. The temperature change due to light exposure is negligible because of the high transparency of PDMS and glass. Therefore, the temperature in each cell is considered constant over the photobleaching period and so does k 2 ͑T i,j ͒. Integrating Eq. ͑3͒ with respect to time yields
where 0 is the original dye concentration. Substituting Eq. ͑4͒ into Eq. ͑2͒ and considering G i,jគrhodamineគ0 = k 1 ͑T i,j ͒I i,j 0 at = 0, the fluorescent intensity from the ͑i , j͒th cell at time is
For a given cell, the captured background fluorescent intensity is a function of the excitation light intensity, location, dye concentration, and temperature distribution in the background region. For simplicity, this intensity is assumed constant for a given system and will be determined through curve fitting the fluorescent intensity values measured during a photobleaching process ͑see EPAPS material͒. Substituting Eq. ͑5͒ into Eq. ͑1͒ gives rise to
The rate change of the fluorescent intensity, which shows the photobleaching speed, can be obtained by taking derivative of Eq. ͑6͒ with respect to time,
where ͑T i,j ͒ =1/ ͓k 2 ͑T i,j ͒I i,j ͔ is the characteristic time scale of photobleaching as a function of temperature and location. For each cell, ͑T͒ is a function of temperature only. If a series of fluorescent intensity images are captured for this location at a temperature T 1 the value of ͑T 1 ͒ can be determined for this location through curve fitting the recorded fluorescent intensity values with respect to time. Using this way, a calibration curve ͑T i,jគk ͒ can also be obtained, where T i,jគk is the kth temperature at the ͑i , j͒th cell. This calibration curve allow the temperature at a certain location to be determined once its ͑T i,j ͒ is known. From Eq. ͑7͒, it can be seen that, theoretically, this method is independent on the dye concentration and its background fluorescence, which are all considered through curve fitting the experimentally captured fluorescent intensity images. In this study, the microfluidic chip consists of a 2.12 mm thick PDMS substrate with a 100 m ϫ 20 m ϫ 5 cm microchannel, a 40 m thick PDMS film saturated with rhodamine B, and a 1 mm thick glass substrate on which the thin PDMS-rhodamineB film is spin coated, as shown in Fig. 2͑a͒ . The PDMS channel was fabricated using the standard soft lithography techniques. 18 The PDMSrhodamineB film was obtained by soaking it into a 10 mM rhodamine B solution ͑Acros Organics͒ for 2 days. Experiments showed that a PDMS thin film could be saturated after 1 -2 days.
Transversal temperature gradients were established in the PDMS-rhodamineB film through heat transfer from the liquid ͑i.e., 20 mM KCl solution͒ where Joule heating is generated using a 500 V / cm electrical field to the rest of the film. After the temperature distribution reaches steady state, imaging of the fluorescent film was performed using a fluorescence microscope system equipped with a mercury arc lamp ͑100 W͒ and an appropriate filter ͑excitation of 510-550 nm͒. 18 Experiments showed that the variation of the light intensity is Ͻ1% over a 10 min period, which is negligible. For each location, 301 fluorescent images were taken with a 2.5 s time interval and normalized by the initial fluorescent image. Equation ͑6͒ can be reduced to
where
which are both functions of location and constant for each cell. Equation ͑8͒ was used to curve fit the experimentally measured fluorescent intensity and time relationship for each location, which allows the value of ͑T i,j ͒ to be determined. Similar procedures were used to perform calibration of ͑T i,jគk ͒ using a special design, as shown in Fig. 2͑b͒ . Briefly, a PDMS/PDMS-rhodamineB chip is pressed tightly onto a copper plate whose temperature was kept stable by a heater, controlled by a temperature controller ͑TC-24-25 RS232, TE technology͒ and monitored using a thermocouple. The calibration curve for ͑T i,jគk ͒ was obtained at the temperatures of 27.1, 39.2, 50.5, 60.5, 74.0, and 86.0°C with five times of photobleaching for each temperature. The temperature uncertainty is around 0.405°C. To validate the measurement method, a previously reported three-dimensional numerical model 19 was employed with slight modifications. Figures 3͑a͒ and 3͑b͒ show the numerically predicted and experimentally measured temperature distribution within the visual field, respectively. The total measurement time is 12.5 min allowing 301 images to be taken. One can see that the temperature is almost uniform across the channel at a temperature around 73°C, which is because Joule heating is uniformly generated in a straight microcahnnel. The temperature decreases from the channel transversely giving a temperature range from 73 to 58°C in the rest of the film, which is consistently observed in both numerical and experimental results. It can be seen that the measured temperatures outside of the channel are higher than that numerically predicted with a maximum difference of 6°C. This is mainly because a small gap exists between the two channel substrates due to fabrication, as highlighted in Fig. 3 , which is not considered in numerical simulation. During experiments, this gap is filled with the working liquid where Joule heating is generated, which increases its temperature as observed experimentally.
There are several potential approaches which may improve the accuracy of this technique. First, a thinner PDMSrhodamineB film will reduce the measurement erros. The techniques for fabricating a super thin PDMS film are under development. Second, increasing the image capturing speed will shorten the time required for photobleaching minimizing the temperature variation due to exposure to the excitation light source. In addition, in order to get a transient temperature distribution, the photobleaching time should be controlled under 0.1 s.
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